The number of mitochondria is greater in the bottom than in the top of cells in geotropically stimulated oat (Avena sativa) coleoptiles. In the avascular tip and outer epidermis of subapical regions this difference occurs only in the lower tissues. These inequalities are found both in the KMnO; and in the glutaraldehyde-fixed tissues; however, they are significant only in the former. Also, the number of mitochondria scored is consistently lower when the tissues were fixed in KMnO4. These results suggest that mitochondria undergo a small degree of sedimentation after geostimulation, a redistribution reduced by the slower fixation with glutaraldehyde. Differences in mitochondrial number begin later than those in the amyloplast and the Golgi apparatus after geotropic stimulation. The cells in the avascular-tip region (a region having an important role in geotropism) have two to three times more mitochondria than the subapical cells.
with coleoptiles 1 mm long were selected and planted in quartz sand (16% moisture by weight). Forty-eight hr later the seedlings (coleoptile about 2 cm long) were geostimulated for various periods of time by reorienting them so their longitudinal axes were horizontal. The coleoptiles were then harvested every 6 min up to 60 min for examination by electron microscopy. Figure 1 shows the method of harvesting. The 1st and 5th mm of the coleoptile were cut transversely and bisected longitudinally into an upper (U) and lower (L) half. The tissue segments were coded and fixed for 30 min in KMnO4 or for 2 hr at room temperature in glutaraldehyde (see ref. 20 for specific procedural details). Individual cells in each tissue-half were also delineated into a top (T) and bottom (B) half with respect to gravity. The number of mitochondria in each cell-half was scored. Each number of mitochondria in this study is the average of 30 cells from three replicate tissue segments. The mitochondrial numbers in the table and figures represent means of one transverse section per cell, not means of whole-cell counts. The sections were about 0.09-to 0.1-,u thick. A total of 11 harvests were made for the kinetic study of mitochondria distribution. Two-way analysis of variance was used for statistical analysis.
Amyloplasts have long been held to be the statoliths in plant geotropism. The role of the amyloplast in geotropism has been recently questioned when experiments showed that destarched coleoptiles were geotropic (19) . We, as well as many others, find that the amyloplasts do settle upon geostimulation of the oat coleoptile. However, the Golgi apparatus also settles, with sedimentation rates approximately that of the amyloplasts (20) . Furthermore, both in roots and shoots the amyloplasts settle to the bottom of a cell, whereas the directions of tropism in these two organs are directly opposite (see 20) .
According to the calculations of Audus (1) and of Gordon (9) the amyloplast and the mitochondrion are the smallest organelles that, upon geotropic stimulation, could settle in cells at rates compatible with the presentation time (the minimum stimulus duration that will produce a tropic curvature). We now ask whether mitochondria redistribute upon geostimulation, and whether the kinetics of redistribution are compatible with those of geotropism.
MATERIALS AND METHODS
Oat (Avena sativa, Victory I) seeds were soaked in warm water (40 C) for 2 hr and drained. The seeds were stored at 4 to 6 C for 18 hr before planting on Lucite bars covered with moist sharkskin paper. The seeds were exposed to red light (G.E. Ruby Red tungsten filament lamp, 10w) for the first 24 hr of growth to inhibit mesocotyl elongation. Germinated seeds 51 Table I shows the mitochondrial distribution in the lst-and 5th-mm tissue segments. In the KMnO4-fixed tissue, the bottom of a cell contains significantly more mitochondria than does the top. Although the same trend exists in the glutaraldehyde-fixed tissues, the difference between the top and bottom of a cell is not statistically significant.
RESULTS
The data in Table I are averaged trends of all cell types (epidermis, cortex, and vascular bundle). The outer epidermal cells were found to be the first to respond to auxin in the elongation process of a shoot (13) . For this reason the outer epidermis was singled out for mitochondrial tabulation ( in the outer epidermal cells exists only in those of the lower tissues. In the KMnO4-fixed tissues the bottom of the cells has significantly more mitochondria than the top. This difference in the outer epidermis is greater and statistically more significant than that of the combined cell-types tabulated in Table I . Thus, the mitochondrial gradient is unidirectional not only at the cellular level (Tables I and II , "Lower," Fig. 2, L) , but also at the tissue level (Fig. 2 , Table II ). The number of mitochondria on the whole in the glutaraldehyde-fixed tissues, as in the KMnO. fixation, is also greater in the bottom of cells of only the lower tissue (Table II) , but the difference is not significant statistically.
The likelihood of mitochondrial involvement in tropism is further strengthened by the response of mitochondria in the avascular-tip cells (cells immediately above the vascular bundles) of the coleoptile (Fig. 3 , Table II ). Here again, the bottom of the cells of only the lower tissues has significantly more mitochondria than does the top (KMnO4 fixation). The change in mitochondria begins after 6 to 12 min in the avascular tip, and 12 min in the subapical cells (Table III) after the onset of geotropic stimulation (7). (Tables I, II) , but statistically not significant. In the 7 instances where significant differences are observed in the KMnO,-fixed tissues, the same trends are also noted in the glutaraldehyde fixation (Tables I, II) . Moreover, in the avascular tip and the outer epidermis when no difference in mitochondria is noted in the cells of the upper tissue fixed in KMnO4, the difference in the same cells also becomes nil in the glutaraldehyde-fixed tissue (Table II) . Therefore, the trend in mitochondrial response is identical in the two different fixatives. The lack of significance in the glutaraldehyde-fixed tissue could be an effect of a slower fixation of the tissues by this fixative. The sedimentation rate of mitochondria would be relatively low (see 1). However, we stress that small gradients on the cellular level are likely to be augmented at the tissue level. A difference of about 17.5% (Table II) in mitochondrial number within a cell is, therefore, not trivial.
We find the mitochondrial count is consistently lower in the tissues fixed in KMnO4 (Tables I, II) . KMnO,, being a harsher fixative than glutaraldehyde, could have fixed the organelles faster but also distorted their fine structures, and rendered some of the mitochondria unrecognizable for scoring.
We believe that the mitochondrial gradient in geotropically stimulated tissues is real for the following reasons. First, in every instance where there is a significant difference (Table I) , the bottom of the cells always has more mitochondria than the top. The gradient is unidirectional at the cellular level. Second, when the outer epidermis alone was tabulated, only the cells in the lower tissues exhibit a differential mitochondrial distribution in both the 1st-and 5th-mm regions of the coleoptile (Table II) . The gradient is unidirectional also at the tissue level. On these bases, we conclude that mitochondria undergo a sedimentation upon geotropic stimulation.
Though geotropic response is greatly reduced in the absence of the coleoptile tip, the exact function of the tip in tropism is not certain. In this study we notice the avascular-tip cells have 2 to 3 times more mitochondria than those in the more basal regions (Table II) . The greater number of mitochondria in the tip cells could indicate a higher metabolic activity in these cells than in those of the subapical regions. Nakano and Asahi (16) have shown a direct correlation of mitochondrial number to cell respiration, a relationship well documented both in plant (2, 5, 6, 11, 14, 15, 17, 18) and animal cells (3, 4, 8, 22 ). This enhanced metabolic activity could be Outer epidermis 12 6 Mean 6-12 12 12 coupled with the role of the tip in auxin synthesis and transport.
We noted a cyclic variation of mitochondrial response throughout the stimulation period (Figs. 2 and 3 ). This oscillation could be related to those of the amyloplast and Golgi distribution (20) . Jerusalem et al. (12) reported a cyclic change in the ultrastructure of liver mitochondria of rats associated with levels of liver glycogen. Cyclic changes are also found in the basipolar movement of auxin, in coleoptile segmentelongation, and in the geotropic response (21) . The fluctuations of mitochondria throughout the stimulation period could very well be related to these periodic phenomena.
Ziegler (23) showed that gravitation stimulation brought about a sedimentation of particles reducing triphenyltetrazolium salts, a characteristic that could be attributed to mitochondria. Griffiths and Audus (10) found a limited displacement of the mitochondria to the bottom of root cells of Vicia faba but the difference (15%) was not statistically significant.
As with the amyloplast, the mitochondrial gradient in the geostimulated roots (10) and shoots (Figs. 2 and 3) is not directly correlated with the direction of tropic curvature. The Golgi apparatus is the only organelle observed so far to show a reversal in concentration gradient between geotropically stimulated roots and shoots (10, 20) . The distribution of the Golgi apparatus correlates with the direction of the geotropic curvature of these organs.
In the KMnO4-fixed tissue the mitochondrial difference between the top and bottom of cells begins later than those for the redistribution of the Golgi apparatus and the amyloplast, 6 to 12 min versus < 6 min (Table III; (20)). The change in mitochondria could thus be a consequence of the redistribution of the amyloplasts or the Golgi apparatus, and also changes in the Golgi activity. The possibility that the alteration of mitochondria is causally related to the Golgi redistribution is strengthened by the similar trends of distribution of both organelles, on both the cellular and tissue levels, in the avascular tip and in the outer epidermis of oat coleoptiles ( Figs. 2 and 3 ; Ref. 20) . As mitochondrial change precedes the onset of geocurvature (7) , it could thus be a step in the physiological implementation of the gravitational stimulus.
